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Abstract
Aims: To compare MRI and MRA with Doppler-echocardiography (DE) in native and postoperative
aortic coarctation, deﬁne the best MR protocol for its evaluation, compare MR with surgical ﬁndings in
native coarctation.Materials and methods: 136 MR studies were performed in 121 patients divided in two
groups: Group I, 55 preoperative; group II, 81 postoperative. In group I, all had DE and surgery was
performed in 35 cases. In group II, DE was available for comparison in 71 cases. MR study comprised:
spin-echo, cine, velocity-encoded cine (VEC) sequences and 3D contrast-enhanced MRA.Results: In group
I, diagnosis of coarctation was made by DE in 33 cases and suspicion of coarctation and/or aortic arch
hypoplasia in 18 cases. Aortic arch was not well demonstrated in 3 cases and DE missed one case. There
was a close correlation between VEC MRI and Doppler gradient estimates across the coarctation, between
MRI aortic arch diameters and surgery but a poor correlation in isthmic measurements. In group II, DE
detected a normal isthmic region in 31 out of 35 cases. Postoperative anomalies (recoarctation, aortic arch
hypoplasia, kinking, pseudoaneurysm) were not demonstrated with DE in 50% of cases.Conclusions: MRI
is superior to DE for pre and post-treatment evaluation of aortic coarctation. An optimal MR protocol is
proposed. Internal measurement of the narrowing does not correspond to the external aspect of the surgical
narrowing.
Abbreviations and acronyms: 3D CE MRA – three-dimensional contrast-enhanced Magnetic Resonance
Angiography; BFFE – balanced fast ﬁeld-echo sequence; Cine MIP – cine maximum intensity projec-
tion; CT – Computed Tomography; DE – Doppler Echocardiography; GE – gradient-echo sequence;
MIP – maximum intensity projection; MPR – multiplanar reformatting; MR – Magnetic Resonance;
MRI – Magnetic Resonance Imaging; SR – surface rendering; VEC MRI – velocity-encoded cine
Magnetic Resonance Imaging; VR – volume rendering
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Introduction
Coarctation of the aorta is the most frequent
congenital anomaly of the thoracic aorta, con-
sisting of a narrowing usually located in the jux-
taductal aorta, just distal to the left subclavian
artery.
Doppler echocardiography (DE) is currently the
ﬁrst imaging modality used, demonstrating the
location and the severity of the constriction and
has the advantage of estimating noninvasively the
pressure gradient across the narrowing [1]. How-
ever, a limited acoustic window encountered with
DE may lead to non consistent results, while an
exact assessment of aortic anatomy and associated
malformations is required before surgical or
interventional repair [2]. Magnetic resonance
imaging (MRI) has been recognized as the nonin-
vasive imaging modality of choice for the evalua-
tion of aortic coarctation before repair, frequently
superior to DE [3–5]. In addition to obtaining
morphologic results similar to angiography (site,
degree and extent of the narrowing, associated
aortic arch tubular hypoplasia and collateral
pathways), MRI, with the help of velocity-encoded
cine (VEC) technique, can provide quantitative
assessment of ﬂow velocities in all segments of the
thoracic aorta [6–8]. Additionally, with the use of
contrast-enhanced 3D MR angiography (CE
MRA), almost all the questions before planning
the treatment may be answered [9, 10], making
conventional catheter angiography unnecessary or
limited to speciﬁc indications such as percutaneous
interventions.
After repair, close follow-up is mandatory in
order to discover postoperative complications,
well known for their poor clinical expression [11].
In late childhood and adults, DE, limited by the
narrowed acoustic window due to scars, sternal
wires, lung interposition and thoracic deforma-
tion, remain diﬃcult as well [12], and MRI ap-
peared to be the most eﬀective technique to
diagnose postoperative complications in patients
following coarctation repair [13].
The purpose of this retrospective study was to
compare MRI and MRA ﬁndings with DE in a
large series of patients with native and postoper-
ative aortic coarctation and, based on our experi-
ence, to try to deﬁne what is the best MR protocol
for its evaluation. The second aim of this study
was to compare MR results with surgical ﬁndings
in native coarctation. To our knowledge, com-
parison between MR and surgical ﬁndings has not
been reported.
Material and methods
Patient population
Between 1995 and 2004, a total of 136 MR studies
were performed in 121 patients (76 males and 45
females). They were divided in two groups: Group
I included 55 preoperative MR studies in 55 pa-
tients and group II, 81 postoperative MR studies
in 66 patients (10 patients had more than one
study in this group II).
In group I (n=55), the mean age at the ﬁrst MR
study was 10.6 years (4 days-30 years) with 20
patients under 2 years. Among these 55 patients
who underwent an MR study, all had preoperative
DE, 14 had preoperative cardiac catheterization
and angiography and surgery was performed in 35
cases, allowing anatomic comparison between
surgical and MR ﬁndings. 20 patients were not
operated because the degree of coarctation was
deemed insigniﬁcant (n= 9), because of operative
contraindications (n=3) and moderate hypoplasia
of the aortic arch without hypertension and sig-
niﬁcant stenosis (n= 6). Percutaneous angioplasty
was performed in one case and one patient was lost
for follow-up.
In group II (n=81 in 66 patients), themean age at
the ﬁrst follow-up study was 15.3 years (2 months-
50 years) and the MR study was performed from
one week to 32 years after surgery (mean time:
9 years). Primary repair of the coarctation consisted
in resection and end-to-end anastomosis in 39 cases,
resection with a subclavian ﬂap aortoplasty
(Waldhausen procedure) in 15 cases, Dacron patch
aortoplasty in 8 cases and balloon angioplasty in 4
cases. 9 patients had twoMR studies to follow-up a
postoperative residual arch hypoplasia or an
asymptomatic recoarctation. In 3 patients, MR
study was repeated three times because of the
presence of a false aneurysm that recurred in a
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young adult and because of the presence of a reco-
arctation treated by angioplasty and stent in two
patients.
In both groups, transthoracic DE was per-
formed without sedation or anesthesia, using
VingMed system 5; ultrasound system mainly with
2.5, 5 and 7 MHz transducers for pediatric pa-
tients and Sonos 5500; Philips; Andoven MA with
an S3 probe for adults.
MR imaging techniques
All MR studies were performed on a 1.5 Tesla
magnet (Marconi Eclipse, Cleveland, USA and
Philips Intera, Best, Netherlands) using a cardiac
coil or the head coil for the younger patients. 2/3
of the 136 MR studies were performed after 2001.
Children under 6 years of age were sedated, using
Propofol (Diprivan) in continuous perfusion with
the help of an anaesthesiologist, allowing rapid
and deep sedation with rapid recovery. ECG sig-
nal, respiratory curve and oxygen saturation were
monitored with the help of a MR compatible
system. The diﬀerent imaging techniques used for
the study included: spin-echo and/or fast spin-
echo, cine, velocity-encoded sequences and 3D CE
MRA.
ECG-gated multislice spin-echo or fast spin-
echo black blood images were initially acquired in
the axial plane. Then, two additional planes were
acquired: coronal and oblique sagittal encom-
passing the aortic arch. In adults and older chil-
dren, this sequence was replaced by breath-hold
turbo spin-echo black blood sequence with parallel
acquisition technique allowing decreasing the scan
time with the same spatial resolution. Slice thick-
ness was varying from 3 to 10 mm according to the
patient’s heart size. In younger patients, large
matrix such as 256 512 in the read direction was
used, allowing improving spatial resolution with-
out prolongation of acquisition time.
Then, cine-MR imaging was done using seg-
mented gradient-echo (GE) pulse sequences de-
scribed earlier [14], replaced after 2001 by balanced
Fast ﬁeld echo sequences (bFFE). 16–25 frames
covering the cardiac cycle were displayed in a cine
loop allowing a dynamic approach. In all cases,
oblique sagittal plane encompassing the aortic arch
was performed, completed in some cases by an
oblique coronal plane centered on the aortic
isthmus. The narrowing corresponding to the
coarctation was evaluated on diastolic images.
Attention was paid on systolic images to show the
ﬂow void due to turbulence and acceleration of
ﬂow within normally high signal intensity of the
blood pool at the level and below the coarctation.
At the beginning of the study, from 1995 to 2001,
when using GE sequences with a TE=12 ms, the
severity of the narrowing was qualitatively assessed
by showing the size and length of this signal void
immediately distal to the coarctation [14]. At this
time, whereas 3D CE MRA was not yet available,
several adjacent oblique sagittal planes with partial
overlap were acquired, subsequently reconstructed
with the Maximum Intensity Projection algorithm
(cine-MIP). This technique described earlier [15],
permitted to obtain a resulting image correspond-
ing to the sum of the adjacent planes shown in a
cine loop as a standard cine. It allowed the display
of the entire thickness of the vessel and added a
volume eﬀect whereas the ﬂow information pro-
vided by the cine sequence was maintained and was
particularly interesting in case of tortuous course
of the aorta, very often associated with coarctation.
After 2001, GE sequence was replaced by bFFE
sequence. The short TE employed in this sequence
(TE=1–2 ms) decreased dramatically the visibility
of the signal void. Consequently, the assessment of
its length and size was abandoned.
Next, velocity-encoded cine MR (VEC-MR)
images were acquired for quantiﬁcation of the
pressure gradient across the coarctation. The cal-
culation of the peak velocity or maximum velocity
(Vmax) within the stenotic jet was performed on
planes parallel to the direction of the ﬂow void (in-
plane velocity measurement) on oblique sagittal
and coronal planes encompassing the length of the
jet, with velocity encoded vertically and planes
perpendicular to the direction of the ﬂow void
(through-plane velocity measurement) on axial
transverse images distal to the coarctation in cases
where the measurement on the two previous planes
was insuﬃcient. The pressure gradient (DP) across
the narrowing was derived using the modiﬁed
Bernoulli equation: DP=4. (Vmax)
2 where DP is
the pressure drop across the stenosis and Vmax the
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peak velocity in m/s measured within the stenotic
jet.
At the end of the examination, 3D CEMRA was
performed after a small test bolus injection (2 ml)
of Gadolinium to determine the arrival time of the
contrast in the thoracic aorta. Acquisition was
realized two times in two breath-hold periods and
was oriented in the oblique sagittal plane encom-
passing the entire thoracic aorta. Each acquisition
time was 16 s. The contrast material was Gado-
linium DTPA (Schering, Berlin, Germany) or
DOTA (Guerbet, Paris, France) at a dose of
0.2 mmol/kg body weight and a contrast injection
rate of 3 ml/s. Contrast medium was injected with
an MR compatible infusion pump (Medrad Spec-
tris, Pittsburg Pa.) in an antecubital vein, ﬂushed
by 20 ml of saline. For patients under 3 years of
age, the contrast medium was injected manually
just after a bolus of Propofol (Diprivan) to obtain
an apnea during the 32 s of acquisition. At the end
of the MRA study, the patient was immediately
taken out of the magnet and manually ventilated
by the anesthesiologist and recovery of spontane-
ous ventilation took about 5 min. The source
images of CE MRA were analyzed on a computer
workstation (Twinstar, Marconi, Cleveland, USA
or Vitrea 2, Vital Images, Plymouth, MN) and
immediately reconstructed, using maximum inten-
sity projection (MIP), multiplanar reformatting
(MPR) and 3D surface (SR) or volume rendering
(VR) algorithms. The total MR study was 30–
45 min.
Image analysis and comparison with other
techniques and surgical ﬁndings
In the group I, image analysis consisted in dem-
onstrating the site, the length and the degree of the
coarctation, the distance to the subclavian artery,
the association with tubular hypoplasia of the
aortic arch and the presence of collaterals as well
as associated malformations. The degree of the
stenosis was considered as severe if the ratio of the
coarctation diameter to the distal descending
aortic diameter was <0.5 [16] and/or peak systolic
gradient greater than 40 mm Hg [17]. The length
of the coarctation was considered as short if the
length of the narrowed aortic segment was
<0.5 cm and long if the length of the narrowed
aortic segment was >0.5 cm [18]. The aortic arch
was considered as hypoplastic when the ratio of
transverse aortic arch diameter to distal descend-
ing aorta diameter was <0.9 [13].
Measurements of the internal vessel diameters
were carried out by two experienced radiologists
(DD and CSM), either on spin-echo, cine or CE
MRA source and/or reconstruction images, where
the best view of the entire lumen of the considered
segment was demonstrated. The aortic arch diam-
eter was measured between the left common car-
otid and the subclavian arteries. The subclavian
diameter was measured at the origin of the vessel.
The measurement of the isthmic coarctation was
performed where the smallest internal diameter of
the constricted segment was demonstrated and
compared with the distal descending aortic diam-
eter. The post-stenotic aortic diameter was mea-
sured on the ﬁrst centimeters of the thoracic
descending aorta. These data were compared with
the anatomic description during surgery. The same
measurements were performed in the patients who
underwent surgical repair. Prior to the cross-
clamping of the aorta proximal and distal to the
coarctation, external measurements were done
using a compass applied around the distal arch, the
origin of the left subclavian artery, the isthmus, as
well as the ﬁrst centimeters of the descending aorta
and reported to a rule.
Morphologic results of MR ﬁndings were com-
pared in all cases of this group with Doppler
echocardiography results. Estimate of the pressure
gradients across the coarctation with VEC MR
sequences was compared with the results of
Doppler echocardiography in 28 cases. Catheteri-
zation was only performed in 14 cases, but com-
parison of the results with VEC MR pressure
gradients was not done because only 4 patients
had both catheterization and MR data available.
Comparison between MR and surgical ﬁndings
and comparison between pressure gradients esti-
mates in MR and Doppler echocardiography were
done using linear regression analysis. Mean dif-
ferences and limits of agreement were calculated
according to the method proposed by Bland and
Altman.
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In the group II, image analysis consisted in
demonstrating residual pathology or complica-
tions such as aortic arch conﬁguration and diam-
eter abnormalities, recoarctation, abnormal
angulation or course, aortic wall and aortic side
branches abnormalities. Aortic pathology was
mainly qualitatively assessed, taking into account
accepted standards deﬁning thoracic aorta abnor-
malities [19, 20] and compared with Doppler
echocardiographic results.
Results
Group I
MR ﬁndings: Transverse axial spin-echo or Fast
spin-echo images at the level of the aortic arch and
the isthmus identiﬁed the narrowing in 1/4 of the
cases, particularly in long segment coarctation but
it was not demonstrated in 3/4 of the cases on this
plane because it was obscured by a partial volume
eﬀect, particularly in young children. However, this
plane permitted the deﬁnition of the oblique sag-
ittal plane of the aorta in the thorax and associated
anomalies. The entire thoracic aorta was optimally
visualized on this oblique sagittal plane in 2/3 of
the cases. The coarctation appeared as a focal shelf-
like deformity of the isthmus in cases of short
coarctation and a long segment narrowing in cases
of long coarctation. The associated tubular hypo-
plasia of the aortic arch was usually perfectly
demonstrated on this plane (Figure 1).
But in 1/3 of the cases, despite a supposedly
good alignment with the aortic arch, the narrow-
ing could not be demonstrated on a single oblique
sagittal plane because of the displacement of a
portion of the thoracic aorta due to the coarcta-
tion and very commonly associated tortuous
course of the vessel. Only the coronal or oblique
coronal plane encompassing the origin of the
descending aorta permitted the demonstration of
the narrowing (Figure 2).
On oblique sagittal cine images, the narrowing
corresponding to the coarctation was better eval-
uated on diastolic images, whereas on systolic
images it was partially obscured by the signal void
due to high-velocity turbulent ﬂow across the
coarctation, particularly on GE sequences em-
ployed at the beginning of the study. In some
cases, collaterals could be demonstrated as well
(Figure 3).
In 1/3 of the cases, because of the kinking of the
aorta, only parts of the aortic arch were visualized
Figure 1. Three examples of tight coarctation (arrows) demonstrated on oblique sagittal plane spin-echo images where the entire
thoracic aorta was optimally visualized. The coarctation appeared as a focal shelf-like deformity of the isthmus in cases of short
coarctation (a, b) and a long segment narrowing in cases of long coarctation (c). The associated tubular hypoplasia of the aortic arch is
perfectly demonstrated on this plane as well as collaterals (arrowheads). Ao=ascending aorta.
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on a single plane, requiring using the cine-MIP
algorithm reconstruction of several adjacent ob-
lique sagittal planes, described above, to image the
entire aortic arch (Figure 4).
The oblique sagittal and the coronal planes were
usually optimal for the direct measurement of
increased ﬂow velocity within the stenotic jet dem-
onstrated on cine images by VEC sequences (Fig-
ure 5).
In cases where the jet was very narrowed, the
measurement of maximum velocity was not possi-
ble on oblique sagittal plane because of partial
Figure 2. Example of a tortuous course of the aortic arch. Despite a supposed good alignment with the aortic arch, the narrowing
cannot be demonstrated on a single oblique sagittal plane (a, b) and only the coronal plane encompassing the origin of the descending
aorta permits the demonstration of the narrowing (c) (arrows). Ao=ascending aorta.
Figure 3. Oblique sagittal systolic cine images of a short (a) and a long (b) coarctations. The signal void due to high-velocity turbulent
ﬂow across the coarctation is well demonstrated (arrow). The severity of the narrowing can be qualitatively assessed by the length and
the size of the signal void immediately distal to the coarctation. Collaterals are well visualized as well (arrowheads).
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volume averaging and motion of the jet out of the
imaging plane but this measurement was usually
possible on the additional coronal plane. In these
diﬃcult cases, additional through-plane measure-
ment on transverse images distal to the coarctation
was carried out. In two cases of very tight stenosis,
calculation of maximum velocity remained impos-
sible because the ﬂow was insuﬃcient distal to the
Figure 4. Oblique sagittal diastolic cine images of a moderate coarctation. In this case, because of the kinking of the aorta, only parts
of the aortic arch are visualized on a single plane (1, 2, 3), requiring using subsequent reconstruction of these three planes with the cine-
MIP algorithm to image the entire aortic arch and to display the narrowing (arrow). Superimposition of the three planes is shown on
anterior thoracic wall (arrowhead).
Figure 5. VEC images in oblique sagittal (a) and coronal (b) planes in a patient with severe coarctation. These two planes are usually
optimal for direct measurement of increased ﬂow velocity (Vmax) within the stenotic jet (arrow) demonstrated on cine sequences.
Ao=ascending aorta.
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coarctation and preferentially directed to the col-
lateral circulation.
Gadolinium-enhanced MR angiography was the
best technique to image the entire thoracic aorta
and to display the aortic malformation. Oblique
MPR and volume rendering reconstructions were
optimal to display the collateral circulation (Fig-
ure 6).
Based on these imaging techniques, results of
MRI evaluation in the 55 patients of group I were
the following:
– The degree of the stenosis was considered as
severe in 39 cases and moderate in 16 cases,
– The length of the coarctation was short in 46
cases and long in 9 cases,
– Associated tubular hypoplasia of the aortic arch
was present in 26 cases,
– Collateral circulation was found in 35 out of the
39 cases (89%) with severe stenosis. It was
always absent in moderate stenoses,
– Associated anomalies comprised: complex anom-
alies and cono-truncal malformations (n=11),
left-to-right shunts (n=10), right aortic arch
(n=1), aberrant right subclavian artery (n=2),
bicuspid aortic valve (n=7), left superior vena
cava (n=3), ductus arteriosus (n=7), pulmonary
stenosis (n=2).
Comparison of MRI and Doppler echocardiography
results
Among the 55 preoperative patients, the deﬁnitive
diagnosis of coarctation was made by Doppler
echocardiography in 33 cases and suspicion of
coarctation and/or aortic arch hypoplasia in 18
cases. The aortic arch was not well demonstrated
in 3 cases and one case was missed by Doppler
echocardiography.
VEC MRI and Doppler estimates of pressure
gradients across the coarctation were available for
comparison in 28 cases. The VEC MRI estimates
of pressure gradient are plotted against the
Doppler estimates in Figure 7. The graph indi-
cates a good correlation between the two methods
(r=0.71). Doppler measurement was impossible
in 3 cases and MRI measurement was impossible
Figure 6. Oblique thick-slab MPR (a) and volume rendering (b) reconstructions of a Gadolinium-enhanced MR angiography are the
best techniques to image the entire thoracic aorta and to display the aortic coarctation (arrow). They are optimal to display the
collateral circulation as well (arrowheads).
464
in 2 cases as mentioned above. It was mainly due
to the presence of a tight stenosis and the ﬂow
below the coarctation was not detectable because
it was preferentially directed to the collateral
circulation.
Comparison of MR and surgical results
Comparison of MR and surgical results are sum-
marized on Table 1. Among the 35 patients out of
the 55 patients of the group I who underwent
surgical repair, the comparison between morpho-
logic appearance of the malformation during sur-
gery with preoperative MRI results was excellent.
Surgical measurements of all parts of the aortic
arch and isthmic region were not available in all 35
operated cases. Comparison with MRI measure-
ments was done only in 20 cases at the level of
aortic arch, in 15 cases at the level of isthmic re-
gion and in 19 cases at the level of descending
aorta. The MRI measurements of aortic arch and
isthmic aortic diameters are plotted against the
same measurements carried out during surgical
repair on Figures 8 to 9. The graphs indicate a
close correlation between MRI and surgery in the
measurements of aortic arch diameters (r=0.93)
but a very poor correlation in measurements of
isthmic coarctation (r=0.24). A close correlation
was found as well in the measurements of sub-
clavian artery (r=0.84) and post-stenotic aortic
diameter (r=0.82) (not shown).
Group II
Among the 81 postoperative MR studies done in
the 66 patients of the group II, only one was re-
jected because of poor image quality due to patient
motion during the examination. Doppler echo-
cardiography was not done in 9 cases and avail-
able for comparison in only 71 cases but was
limited by a poor acoustic window in 3 of these
cases. MR study demonstrated a good surgical
result with a normal diameter in the coarctation
region in 39 studies (ratio of the diameter of the
isthmic region to distal descending aortic diameter
between 0.9 and 1.5) [13]. Persistence or recurrence
of a narrowing in the coarctation region (ratio of
the diameter of the isthmic region to distal
descending aortic diameter <0.9) was found in 20
studies (Figure 10).
In 10 of them, the narrowing was mild (ratio of
the diameter of the isthmic region to distal
descending aortic diameter between 0.9 and 0.6).
In all of these cases, the narrowing had little
inﬂuence on blood ﬂow (Pressure gradient
Figure 7. (a) Comparison by linear regression of pressure gradients estimates obtained by VEC MRI and Doppler Echocardiography.
MR measurements are plotted against the Doppler measurements. The graph indicates a good correlation between the two methods
(r=0.71). (b) Diﬀerence between MRI and Doppler measurements is plotted against the mean value of each pair according to the
Bland and Altman method. Thick line represents mean diﬀerence; thin lines show the limits of agreement (±2 SD).
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£30 mm Hg on VEC cine MRI and Doppler
measurements). In 5 of them, the narrowing was
moderate (ratio of the diameter of the isthmic re-
gion to distal descending aortic diameter between
0.6 and 0.4). In two of these cases, the pressure
gradient was >30 mm Hg on VEC cine MRI and
Doppler measurements (33 and 36 respectively). In
the 5 remaining studies the stenosis was considered
as tight (ratio of the diameter of the isthmic region
to distal descending aortic diameter <0.4). The
pressure gradient was >40 mm Hg on VEC cine
MRI and Doppler measurements and collateral
circulation was present in 3 of these cases. Persis-
tence of tubular hypoplasia of the aortic arch was
found in 18 cases. It was always mild to moderate
(ratio of the transverse aortic arch diameter to
distal descending aortic diameter between 0.9 and
0.5) (Figure 11).
Flow disturbance was always encountered as a
discrete to moderate ﬂow void on oblique sagittal
cine images, and pressure gradient >30 mm Hg
on VEC cine MRI was seen in 4 cases. Concomi-
tant abnormal angulation of the aortic arch was
found in 10 cases with extreme kinking in 6 cases.
Abnormal ﬂow was encountered as well in these
cases with ﬂow void on oblique sagittal cine ima-
ges and pressure gradients >30 mm Hg on VEC
cine MRI in 4 studies (Figure 10, 11).
In two studies, a pseudoaneurysm was discov-
ered at the level of isthmic region (Figure 12).
All these anomalies were better demonstrated on
CE MRA. Thick-slab MPR and volume rendering
reconstructions were optimal to display these
postoperative complications (Figures 11, 12). In
the two patients treated by stent implantation, be-
cause of the artifacts generated by the stent, it was
Table 1. MRI and Surgical morphologic analysis of the coarctation; (n=35).
Length of stenosis Degree of stenosis Hypoplasia of aortic arch
Short Long Unknown Moderate Severe Unknown Presence Absence
MRI 26 9 – 5 30 – 18 17
Surgery 24 10 1 6 26 3 17 18
Figure 8. (a) Comparison by linear regression of aortic arch diameter measured by MRI and surgery (n=20). MRI measurements are
plotted against the same measurements performed during surgical repair. The graph indicates a close correlation between MRI and
surgery in the measurements of aortic arch (r=0.93). (b) Diﬀerence between MRI and surgical measurements is plotted against the
mean value of each pair according to the Bland and Altman method. Thick line represents mean diﬀerence; thin lines show the limits of
agreement (±2 SD).
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diﬃcult to evaluate the result after treatment either
with spin-echo or MR angiographic images. In
these cases, a multislice gated CT was performed.
Comparison of MRI results of the group II with
Doppler echocardiography is summarized on
Table 2.
Figure 9. (a) Comparison by linear regression of isthmic diameter measured by MRI and surgery (n=15). MRI measurements are
plotted against the same measurements performed during surgical repair. The graph indicates a poor correlation between MRI and
surgery in the measurements of isthmic region (r=0.24). (b) Diﬀerence between MRI and surgical measurements is plotted against the
mean value of each pair according to the Bland and Altman method. Thick line represents mean diﬀerence; thin lines show the limits of
agreement (±2 SD).
Figure 10. Surface rendering (a, b) and volume rendering (c) reconstructions of a Gadolinium-enhanced MR angiography in post-
operative patients. On (a), there is a slight non signiﬁcant residual stenosis. Subclavian artery has been anatomosed to the left carotid
artery. On (b), a 50% narrowing is demonstrated associated to a kinking of the aortic arch. On (c), a tight recoarctation is shown with
severe hypoplasia of the aortic arch and the subclavian artery (arrows) and kinking. Note dilated internal mammarian artery.
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Among the 71 studies available for comparison
between the two techniques, a normal appearance
of the coarctation region was detected by DE in 31
out of 35 cases. Among the 17 cases where MRI
found a narrowing or a recoarctation, 8 cases were
detected by DE, only an abnormal ﬂow was
Figure 11. Oblique sagittal diastolic (a) and systolic (b) cine images, corresponding VEC image (c) in the same plane and surface
rendering reconstruction of a Gadolinium-enhanced MR angiography (d) after coarctation repair. Despite the good result at the level
of the isthmus (arrows) demonstrated by MRA, persistence of aortic arch hypoplasia and kinking are responsible for presence of a ﬂow
void on systolic image (arrowhead) and acceleration of ﬂow on VEC image (3 m/s).
Figure 12. Oblique sagittal spin-echo (a) and cine-MIP image (b) after coarctation repair demonstrate a huge pseudoaneurysm
(arrows) at the level of the previous isthmic coarctation.
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detected by DE in 4 cases and DE was considered
as normal in 5 cases. Aortic arch tubular hypo-
plasia was demonstrated by DE in only 9 out of 16
cases (tubular hypoplasia was associated or not
associated with narrowing or recoarctation).
Kinking of the aortic arch was shown by DE in
only 4 out of 10 cases. One of the two pseudoan-
eurysms was not detected as well.
Discussion
MRI is the noninvasive method of choice for
evaluating the morphology of aortic coarctation
and particularly to depict the location, the degree
and the length of the narrowing, the degree of
associated aortic arch hypoplasia, the presence of
collateral circulation, the poststenotic dilatation
and the relationship to the left subclavian artery;
all these parameters are necessary to plan surgical
or interventional repair [21–23]. MRI also appears
to be the most eﬀective technique to follow-up
patients after coarctation repair and diagnose
postoperative complications [13, 15].
Complete MR examination requires numerous
sequences to provide evaluation of both anatomic
and hemodynamic severity of the coarctation.
Morphologic assessment of the aortic malformation
Gated Fast spin-echo and Turbo spin-echo
sequences remain the ﬁrst step in the depiction of
abnormal morphology. Transverse axial plane is
not the ideal incidence for identifying the nar-
rowing because it is often obscured by a partial
volume eﬀect, particularly in young children.
However, this plane is necessary because it permits
the deﬁnition of the oblique sagittal plane of the
aorta in the thorax and is essential to demonstrate
associated anomalies. The oblique sagittal plane
encompassing the entire thoracic aorta is usually
the best to demonstrate the coarctation and the
associated tubular hypoplasia of the aortic arch.
But in 1/3 of the cases of our series, despite a
supposedly good alignment with the aortic arch,
the narrowing cannot be demonstrated on a single
oblique sagittal plane because of the displacement
of a portion of the thoracic vessel, which is due to
the coarctation and the very commonly associated
tortuous course of the aorta. In theses cases, only
the coronal or oblique coronal plane encompass-
ing the origin of the descending aorta permits the
demonstration of the narrowing. The importance
of multiple imaging planes has been mentioned
previously [24], indicating that these two latter
planes are complementary and more sensitive for
the depiction of the anomaly.
The cine sequence usually follows spin-echo
imaging and the optimal plane to depict the
coarctation is the oblique sagittal plane identical
to the plane described above. The narrowing cor-
responding to the coarctation is better demon-
strated on diastolic images whereas the importance
and extension of the ﬂow void immediately distal
to the coarctation is appreciated on systolic ima-
ges. The size and the length of the ﬂow void are
good indicators of the severity of the stenosis [25,
15]. However, the cine technique is of importance.
The segmented k-space gradient echo sequence
(GE), only used at the beginning of the study gave
the better results on the visualization of the signal
Table 2. Comparison of MRI and Doppler Echocardiography results in the postoperative group II; (n=71).
n=71 Doppler Echocardiography Poor window
Normal Narrowing
Recoarctation
Tubular
Hypoplasia
Abnormal
Flow
Kinking PSA 3
MRI
Normal (35) 31 0 0 2 0 0 2
Narrowing Recoarctation (17) 5 8 0 4 0 0 0
Tubular hypoplasia (16*) 3 0 9 3 0 0 1
Kinking (10) 4 0 0 2 4 0 0
PSA (2) 1 0 0 0 0 1 0
*Tubular hypoplasia was associated or not associated with narrowing or recoarctation.
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void. This latter is due to high-velocity turbulent
ﬂow across the coarctation resulting in spin
dephasing on systolic images because of long echo
times used (TE=9–12 ms) with this technique. At
present, these sequences have been replaced by
steady-state free precession (SSFP) sequences
allowing substantial improvement in the quality of
images and reduction of acquisition time by a
factor of 2–3 compared to the previous technique
[26]. On the balanced fast ﬁeld echo (bFFE)
technique performed in this study after 2001,
which uses short repetition times (TR= 3–5 ms)
and short echo time (TE= 1–2 ms), the appear-
ance of the signal void is clearly diminished com-
pared to GE sequences. One has to keep in mind
these diﬀerent types of techniques when comparing
cine images obtained from diﬀerent scanners. The
tortuous course of the aorta may be a problem as
well with this technique as mentioned above for
spin-echo imaging. This is the reason why at the
beginning of the study we applied the ‘‘cine-MIP’’
technique mentioned above, replaced subsequently
by MR angiography.
3D CE MRA is at present the technique of
choice to demonstrate the malformation. It has
been compared with conventional angiography
with excellent anatomic correlation in coarctation
and other aortic diseases [27–29]. Demonstration
of the site, degree and length of the narrowing as
well as associated tubular hypoplasia of the aortic
arch and collaterals is usually easy even in small
children with the help of a bolus of Propofol
(Diprivan) injected immediately before Gadolin-
ium administration in order to obtain a short
apnea avoiding motion artifacts. This technique
necessitates the presence of an anesthesiologist
ready to ventilate the patient at the end of the
MRA study. Recovery of spontaneous ventilation
took usually about 5 min. This technique was very
safe and no complications occurred [15]. Tortuous,
angulated or kinked course of the aorta is no
longer a problem with MRA. First of all, it re-
mains important to review the source images be-
cause subtle details of aortic wall and small
collaterals may be missed with reconstruction
techniques such as MIP. Measurement of the
diameter of the diﬀerent segments of the aorta is
usually easy on the source images. MIP is the most
widely used reconstruction technique but, because
of overlapping of anatomic structures in the tho-
rax MIP is not suﬃcient to deﬁne accurately the
degree of the narrowing. The best technique to
measure the lumen diameter of the diﬀerent seg-
ments of the aorta was MPR in oblique sagittal,
coronal and curve reconstructions. 3D surface
(SR) and volume rendering (VR) techniques are
more esthetically pleasing than MIP. VR, relying
on sophisticated combination of transparency,
opacity and colors of the objects is the most eﬃ-
cient technique to display 3D morphology.
However, because these techniques rely on thres-
holding between the object of interest and sur-
rounding structures, they are less eﬃcient in the
measurement of the aortic diameters [30].
Measurements of aortic diameters and comparison
of MR and surgical results
MRI measurements of aortic diameters have been
compared with conventional angiography and
echocardiography with an excellent correlation [2,
12, 29, 31, 32]. Angiographic results were com-
pared as well with anatomic measurements with
good correlation between the internal diameters of
the coarctations measured angiographically and
those measured anatomically [20]. However, this
study compared the resected coarctation specimen
with angiographic data. The angiographic diame-
ters tended to be larger than the anatomic diam-
eters due to the fact that measurements were made
on aortas that were distended by systolic arterial
pressure whereas anatomic measurements were
made on specimen ex-vivo. In our study, MRI
measurements of the internal vessel diameter were
carried out where the best view of the entire lumen
of the considered segment was demonstrated,
whereas anatomic measurements were made by
operative examination before resection and con-
cerned the external diameter of the vessel, includ-
ing its wall thickness. To our knowledge such a
comparison has not been done previously. Despite
this diﬀerence in the measurements, a close cor-
relation was found for the diameters of aortic arch,
subclavian artery and post-stenotic descending
aorta (0.82<r<0.93), the aortic wall being usually
thin, particularly in young children. Conversely, a
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poor correlation was found between measurements
carried out at the level of the isthmic coarctation
segment. There are several explanations to this
discrepancy. As demonstrated on resected speci-
mens, the aortic lumen is narrowed by elastic tis-
sue which invaginates from the posterior wall of
the aorta toward the aortic attachment of the lig-
amentum arteriosum or ductus arteriosus and this
invaginated elastic media is usually thicker on the
ﬁrst centimeters of aorta distal to the narrowing
than on the aorta just proximal to the coarctation.
Furthermore, ﬁbrous tissue ﬁlls the adventitial side
of the invagination and frequently accumulates on
the intima distal to the invaginated aortic wall due
to turbulent blood ﬂow (intimal jet lesion). As a
result, the external aortic narrowing including its
abnormal wall thickness measured by the surgeon
is usually slight compared with the aortic luminal
narrowing measured on MR images.
Other reasons of this discrepancy relate to the
MRI technique itself. Despite the use of high-
resolution spin-echo images (256  512 matrix),
multiple planes and thin section images, very thin
structures may produce little or no MRI signal
[15], particularly when acquiring images during
normal respiration. Thus, thin portions of the
invaginated tissue may be obscured and the
residual narrowed lumen is diﬃcult to see in se-
vere coarctations. This is the reason why the
measurements were not obtained on spin-echo
images only, but on images coming from other
sequences as well (cine and MRA images), where
the best view of the lumen of the narrowed seg-
ment was demonstrated.
Evaluation of the pressure gradient across the
coarctation
Several previous studies have demonstrated the
good correlation for pressure gradient measure-
ments across the coarctation obtained from
Doppler peak velocity measurement and velocity-
encoded cine MR technique (VEC) [33–35]. This
present study conﬁrmed this good correlation.
Guided by the ﬂow void demonstrated on cine-GE
images, when available, oblique sagittal and
coronal planes parallel to the direction of ﬂow,
encompassing the length of the jet, with velocity
encoded vertically (in-plane velocity measurement)
are optimal for this measurement [36]. It yields
numerous pixels for analysis of velocity because
the entire abnormal jet is displayed. But in case of
very tight stenosis, where the jet is narrowed,
particularly in small aortas, in-plane measurement
may be less reliable because of partial volume
averaging, motion of the jet out of the imaging
plane and improper alignment of the jet. In this
case, the use of thinner image section may solve
the problem. Conversely, with through-plane
imaging, only a slice of the jet is displayed and one
can miss the maximum velocity if the plane is
positioned too far or too close to the origin of the
narrowing. Furthermore, misregistration of ﬂow
due to signal loss depending upon turbulence and
eddy currents may occur if the plane is too close to
the origin of the stenosis. Thus, it is preferable to
measure data in both in and through-planes [37–
39]. Practically, because of the short acquisition
time of these sequences, two in-plane velocity
measurements (oblique sagittal and coronal) and
one or several through-plane velocity measure-
ments (transverse images below the coarctation)
must be performed if the two previous in-plane
measurements are not consistent or if there is
discrepancy between the two measurements.
As mentioned previously, the Doppler velocity
measurements give overestimates up to 30%
compared with MRI measurements [2, 40, 41].
This can be explained by partial volume eﬀect and
velocity measurements only done perpendicular to
the direction of ﬂow (through-plane imaging). The
discrepancy between MRI and DE results may be
explained as well by the conditions of measure-
ments: with sedation during MR study and
without sedation during DE study.
Evaluation of collateral circulation
The amount of collaterals is usually proportional
to the severity of the coarctation even if, in
exceptional cases scarce collaterals may be found
with tight coarctations. Demonstration of collat-
eral circulation is of importance before surgical
treatment to avoid ischemic medullary injury. In
the rare cases of signiﬁcant coarctations with poor
development of collaterals, the surgeon will use
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bypass circulation to prevent medullary ischemia
during aortic cross-clamp. At present, the best
technique to demonstrate collateral circulation is
3D Gadolinium-enhanced MRA that shows dila-
tation of the internal mammarian, intercostals,
posterior mediastinal and cervical arteries on MIP,
MPR or volume rendering images [42]. Estimation
of collateral circulation can be carried out as well
with VEC-MR by measuring ﬂow in the proximal
(10 mm below the stenosis) and distal part (at the
diaphragm level) of descending aorta. In hemo-
dynamically signiﬁcant coarctation, there is an
83±50% increase in ﬂow in the distal compared
with the proximal part of the descending aorta,
due to the collateral ﬂow, whereas in normal
subjects and mild coarctations there is a decrease
in total ﬂow from proximal to distal aorta [43].
Collateral ﬂow will be calculated as ﬂow in the
distal descending aorta minus ﬂow in the proximal
descending aorta [35]. But large collaterals are
often entering at the level or immediately below
the narrowing as demonstrated on Figure 6 and
this ﬂow may inﬂuence such measurements [43].
Aortic ﬂow measurements at the diaphragm level
may be inﬂuenced as well by blood leaving the
aorta through the celiac artery [1]. Thus, MR
velocity measurements should not be performed
when signiﬁcant collaterals are detected and kept
for cases where there is doubt regarding the
severity of the stenosis, and in mild or moderate
coarctation when collaterals are not visible [43].
Follow-up of patients after coarctation repair
After coarctation repair, either by surgery or bal-
loon angioplasty, regular follow-up examinations
are mandatory because complications may occur,
even after a long period after treatment, especially
when the intervention was performed in neonates.
These complications include persistence of hyper-
tension, recurrence of coarctation and aneurysm
formation at the site of previous intervention.
Their poor clinical expression and their signiﬁcant
morbidity and mortality are the major reasons for
a systematic prolonged follow-up [44]. For this
purpose, cardiac catheterization and angiography
have been replaced by modern noninvasive imag-
ing techniques in many centers [11]. Transthoracic
Doppler echocardiography remains the ﬁrst fol-
low-up screening test and is usually an accurate
method in infants and children. However, visuali-
zation of the aortic arch and isthmus is frequently
suboptimal in adolescents and adults and trans-
thoracic echocardiography may be limited by a
narrowed acoustic window due to postoperative
scar, lung interposition and thoracic deformation
[45, 12]. These patients may beneﬁt from trans-
esophageal echocardiography but many of them
do not accept to repeatedly swallow the probe.
Moreover, pressure gradients may remain elevated
at the coarctation site, even after a successful re-
pair due to the angulation and kinking of the
aortic arch and persistence of aortic arch hypo-
plasia. This is the reason why MRI is at present
done routinely as a follow-up screening test after
coarctation repair and has been recognized as the
most cost-eﬀective technique [46]. According to
other studies and to our results, numerous
abnormalities and complications after repair were
not detected by echocardiography, particularly in
adult patients [13]. In this study, narrowing or
recoarctation, tubular hypoplasia of the aortic
arch and kinking were not detected by DE in
about 50% of the cases. Spin-echo imaging re-
mains essential to detect abnormalities of the
aortic wall and associated intracardiac anomalies.
But the examination must include haemodynamic
evaluation by velocity-encoded cine MR and
especially Gadolinium-enhanced 3D MRA, which
provides the best view of the entire reconstructed
aorta [13]. After reviewing the source images,
many reconstructions may be performed. Maxi-
mum intensity projection technique (MIP), the
most widely used technique for visualization of 3D
MRA data, provides a resulting image similar to a
standard angiographic image. But, because it does
not diﬀerentiate front from back, adjacent struc-
tures may overlap, and due to selection of the
highest intensity voxel in the data set, MIP over-
estimates the degree of narrowing. Volume ren-
dering technique, which relies on a combination of
transparency and opacity, permits visualization of
low intensity and smaller structures that have a
lower contrast ratio and is therefore more eﬃcient
to evaluate residual abnormalities of the entire
thoracic aorta. Thick-slab MPR, which allows
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interactive positioning of an oblique plane across
the entire thoracic aorta, gives a better view of the
vessel and its branches, particularly in cases of
tortuous, angulated and kinked residual mor-
phology. Evaluation of patients treated by stent
implantation remains diﬃcult either with spin-
echo or MR angiographic images because of the
artifacts generated by the stent. In these cases, a
multislice ECG gated CT may be performed.
Study limitations
The limitation of this study is that it is a retro-
spective study, and not all the data were available
for comparison. This is the case for gradients
estimates that were not performed in all patients,
either in DE or MRI; also, measurements were
done in diﬀerent conditions (with and without
sedation). These measurements of pressure gradi-
ents were performed as well without taking into
account the severity-based loss coeﬃcient (K) in
the modiﬁed Bernoulli equation as described by
Oshinski et al. [47] either with DE or VEC MRI.
Evaluation of associated bicuspid aortic valve was
not systematically done particularly at the begin-
ning of the study, as this would have necessitated
additional sequences, especially a standard cine or
magnitude reconstruction of VEC cine in the plane
of aortic annulus. It is also the case for surgical
and MRI comparison. If comparison of MRI data
and surgical anatomical results was obtained in 35
cases, surgical measurements of aortic segments
were not available in all these cases and analysis of
explanted material was not performed. Another
limitation of this study is due to the fact that MRI
techniques signiﬁcantly improved, particularly
after the development of SSFP cine sequences and
3D MRA. The image quality may be diﬃcult to
compare between images done at the beginning of
the study and recent MR examinations.
Conclusions
Magnetic resonance imaging has become a
standard exam for pre and post-treatment of
aortic coarctation. It takes place immediately
after Doppler echocardiography and must in-
clude numerous sequences to obtain a complete
evaluation. Based on our experience and in order
to decrease examination time, the best MR
protocol for evaluation of aortic coarctation is
the following: Fast or Turbo spin-echo imaging
remains the ﬁrst step to evaluate morphology.
Axial images are usually insuﬃcient to demon-
strate the abnormality but remain essential to
demonstrate associated malformations, particu-
larly intracardiac anomalies. Oblique sagittal
images centered on aortic arch are mandatory
but usually not suﬃcient to demonstrate the
degree of narrowing; they must be completed by
coronal or oblique coronal images, which are
frequently more eﬃcient for the evaluation of
the degree of narrowing in the isthmus region.
To decrease examination time, oblique sagittal
and coronal cine images may be replaced by
magnitude reconstruction of VEC cine sequence
in the same planes. Cine-MIP technique can be
abandoned and replaced by MRA. Complete
haemodynamic evaluation includes oblique sag-
ittal and oblique coronal VEC cines (in-plane
velocity measurement) encompassing the length
of the jet, with velocity encoded vertically.
Planes perpendicular to the direction of the ﬂow
void (through-plane velocity measurement) on
axial transverse images distal to the coarctation
may be performed in cases where the measure-
ment on the two previous planes is insuﬃcient.
At the end of the exam, 3D CE MRA must be
performed with two acquisitions and recon-
structions with MIP algorithm but preferentially
with volume rendering and thick-slab MPR.
Severity of aortic coarctation can be judged on
several parameters discussed above. Internal
measurement of the narrowing by MRI is as
eﬃcient as those performed with echocardiogra-
phy and angiography and is one of the param-
eters permitting to evaluate the severity of the
malformation but does not correspond to the
external aspect of the narrowing visualized dur-
ing surgical repair. Conversely, measurements of
aortic arch with MRI, particularly in order to
demonstrate associated tubular hypoplasia are
comparable with anatomic measurements.
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